Abstract: Shape memory alloy composites (SMA-composites) are adaptive materials, whose external shape or mechanical properties can be controlled by the activation of embedded SMA actuators. While considerable information is now available on the structural, mechanical and functional behavior of plain SMAs, nearly nothing is known about embedded SMAs. However, the characteristics of the matrix, and its viscoelastic properties in particular, can have an influence on the martensitic transformation and therefore on the functional properties of the SMA actuator. Accordingly, there is a considerable interest in studying the transformation behavior of embedded SMA. In this work, the transformation behavior of thin NiTi wires, incorporated into epoxy resin is studied by dynamic mechanical analysis and calorimetry. The dynamic mechanical behavior of the SMA composites is compared to that of plain SMA wires. Simple beam bending theory is used to predict the dynamic moduli of the SMA composite from the measured dynamic moduli of the constituents as input data. The difference between the predicted and the measured behavior is analyzed in term of SMA/matrix interaction.
Introduction
Shape memory alloys (SMA) can be used as thermally activated actuators and have found applications for instance in thermostats, fire alarms, or connectors. A relatively new type of application of SMAs is as embedded sensors and actuators in composites [I] . Thin SMA wires are particularly suitable in this respect because of their flexibility and fast response. An example of the use of embedded SMA wires is the development of SMA-silicone rubber composite fingers for robotic applications: the SMA wire is used to modify the shape and the silicone rubber acts as a spring to create or enhance the two way shape memory effect [2] . Experiences of active stiffness control of a composite beam have also been realized and bending stiffness increase of up to 100% were obtained using embedded SMA wires activated by electrical current heating [1, 3, 4] .
While considerable information is now available on the structural, mechanical and functional behavior of the plain SMA, virtually nothing is known about the behavior of embedded SMA. However, the transformation behavior of the SMA embedded in a mamx might be different from a plain SMA. In the mamx, the phase transformation is constrained, the transformation strain being limited by the elasticity or plasticity of the matrix. Furthermore, strong internal stresses that exist at the SMA/polymer interface due to thermal coefficient mismatch between SMA and matrix can have an influence on the martensite variant morphology and therefore on the mechanical and functional properties.
In this work, the transformation behavior of SMAIepoxy composites is studied by dynamic mechanical analysis and is compared to that of neat SMA wires. Simple beam bending theory is used to predict the bending stiffness and tan6 of the SMA composite starting from the measured dynamic moduli of the constituents (epoxy, SMA) as input data. The difference between the calculated and the measured behavior is analyzed in term of SMA/matrix interaction.
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Experimental
The specimen was prepared using a silicon mold. During molding a small ION force was applied on each individual wire to ensure a good alignment of the wires. The SMA wires were NiTi thin wires (50%Ni, 50% Ti) with a diameter of 300pm produced by Microfil Industries in Renens, Switzerland. The wires were annealed 30min at 550°C in an argon atmosphere and then embedded as shown in Fig. 1 Dynamic mechanical properties were measured using a RSA2 rheometer from Rheometrics. Because of limitations due to transducer compliance, measurements were done in the so-called tension-compression mode for the plain wire and in three point bending mode for the composite. However, the maximum strain amplitude was kept at the same value. A static stress 10% higher than the dynamic stress was superposed to the dynamic stress. This was necessary to keep the total applied force positive (to avoid buckling of the wire). As will be shown in the following, this static stress allowed the simultaneous observation of the shape memory effect. The measurements were done at the heatinglcooling rate of 3Wmin and at the frequency of 1Hz. Calorimetric measurements were done using a DSC7 from PerkinElmer at the heatinglcooling rate of 10K/min.
Results
The SMA wire: Fig. 2 shows a typical result for a plain SMA wire. Characteristic hysteris loops (heating, cooling) related to the onset of the martensitic transformation in the SMA material can be observed. The E' modulus drops by more than 30% when cooling from the high temperature austenitic phase to the low temperature martensitic phase. The comparison with the static strain curve and DSC data ( memory-effect, the deformation
experienced on cooling (about 0.3%) being The epoxy matrix: In Fig. 4 are reported 3K/min, frequency: HZ the same parameters as in Fig. 2 but for the epoxy matrix. Since the glass transition temperature is about 120°C and the P transition temperature -50°C, the elastic modulus is almost linear in the temperature range considered here. The small hysteresis loop observed is due to the fact that the measurements were performed at the heatinglcooling rate of 3Wmin.
The SMA-composite: Fig. 5 shows a typical behavior of an SMA-composite containing SMA wires identical to the one previously measured in Fig. 2 . A total decrease of the effective bending stiffness (EIeff) of about 20% is observed when the sample undergoes its martensitic transformation. Unlike for the plain SMA, this decrease occurs in two welldefined steps. Comparison with the DSC scan (Fig. 3) suggests that the first step is associated with the R phase transition and the other one with the real martensitic transformation. These two transformations stages were not observed in a previous study [4] because in that case the SMA wire had been annealed at 800°C prior to embedding which led to the suppression of the R phase transition. A reversible static strain change (shape memory effect) of about 0.1% is observed at the transition. In Fig. 6 , the measured EIeff is compared to the result of a simple beam bending theory prediction where dynamic moduli of matrix and SMA wire were used as input data. The effective bending stiffness and tan6 were calculated following [4] and using the elastic-viscoelastic correspondence principle [6]. It is seen that, for the heating curve, the measured Eeff varies as predicted, showing a relative modulus increase of -20%. This agreement indicates that the phase transformation in the composite has gone to completion, as in the plain SMA wires. The bending stiffness variation is quite promising for further applications, since the SMA volume fraction is relatively low (2.4%). The prediction underestimates the absolute value of Eeff. This can probably be explained on the one hand by the fact that a kind of rule of mixture is used for the calculation which does not take into account the difference in Poisson's coefficient between matrix and wire. On the other hand, our sample shape is intermediate between a plate and a beam. Since the bending stiffness of a plate is higher than the one of a beam by about 16% this could be another reason for the discrepancy. These corrections would lead to a higher predicted modulus and a better agreement with the data. The difference observed between the two cooling curves is more significant for us. Eeff drops in two steps without the very low minimum value observed for plain SMA. We have verified that it is not due to the fact that measurements were done in 3 point-bending for the SMA-comp. and in tensioncompression for the plain wire: additional measurements, not reported here, of single wires embedded in epoxy measured in tension-compression gave the same result.
Plain NiTi wire: DSC scan at 10Wmin properties as input data, static load= 200g, dynamic strain: 5*10-, heafinglcooling rate: 3K/min, frequency: 1Hz
As suggested above, the first step seems to be associated with the R phase transformation and the second one with the martensitic transformation. Apparently, in the composite, the elastic softening associated with the R phase transformation is inhibited. We think that this might be an effect of the interaction between the SMA material and the matrix in the composite. Two explanations can be proposed: i) the R phase transformation in itself is modified because the SMA is constrained by the matrix. ii) the R transformation is not modified, but the fine domain structure of the product phase is changed (selection of the variants because of the internal stresses). The tan5 curve (Fig. 5 b) as well as the bending stiffness curve shows the influence of SMAImatrix interaction: two peaks are observed on cooling. This leads to the important conclusion that the behavior of the SMA-composite is not merely the superposition of the matrix and the SMA behavior respectively but results in new properties. However, this point needs clarification and will be investigated further in the near future.
Conclusion
The transformation behavior of embedded thin SMA wires has been found to be different from the one of plain SMA wires. The bending stiffness of the SMA-composite decreases in two well defined steps when the material undergoes its martensitic transformation. For the plain material a unique, profound dip is observed instead. This might be an effect of the high internal stresses level present in the composite. These internal stresses might have created a special variant configuration in the R phase and have modified the dynamic mechanical properties accordingly. This interpretation needs further confirmation.
